Flavanols found in natural products such as cocoa and green tea elicit structural and biochemical changes in the hippocampus, a brain area important for mood and cognition. Here, we evaluated the outcome of daily consumption of the flavanol ( − )epicatechin (4 mg per day in water) by adult male C57BL/6 mice on measures of anxiety in the elevated plus maze (EPM) and open field (OF). Furthermore, pattern separation, the ability to distinguish between closely spaced identical stimuli, considered to be mediated by the hippocampal dentate gyrus (DG), was tested using the touchscreen. To investigate mechanisms through which ( − )epicatechin may exert its effects, mice were injected with bromodeoxyuridine (50 mg kg −1 ) to evaluate adult hippocampal neurogenesis. In addition, monoaminergic and neurotrophin signaling pathway proteins were measured in tissue derived from subject cortices and hippocampi. Flavanol consumption reduced anxiety in the OF and EPM. Elevated hippocampal and cortical tyrosine hydroxylase, downregulated cortical monoamine oxidase-A levels, as well as increased hippocampal brain-derived neurotrophic factor (BDNF) and pro-BDNF support the flavanol's anxiolytic effects. In addition, elevated pAkt in hippocampus and cortex was observed. (− ) Epicatechin ingestion did not facilitate touchscreen performance or DG neurogenesis, suggesting a non-neurogenic mechanism. The concurrent modulation of complementary neurotrophic and monoaminergic signaling pathways may contribute to beneficial mood-modulating effects of this flavanol.
INTRODUCTION
Studies in humans and animal models have shown that dietary interventions rich in plant polyphenols may alleviate stress or anxiety and mitigate cognitive decline. [1] [2] [3] Cocoa, green tea, blueberries and grapes contain flavanols, a subclass of plant polyphenols with pleiotropic roles in neuroprotection, [4] [5] [6] [7] cognition 2, 8 and mood. 9, 10 The active ingredient that confers these benefits often remains unclear, as most investigations examine whole foods or multiple flavanols [11] [12] [13] [14] in animal models of aging, 15, 16 cerebrovascular stress 17 or Alzheimer's disease. [18] [19] [20] [21] [22] As such, a pure flavanol of particular interest is ( − )epicatechin (EC), which traverses the blood-brain barrier and may directly affect brain function. [22] [23] [24] EC consumption improves memory in mice 24 and snails. 25 Its metabolites enhance long-term potentiation in hippocampal slices derived from Alzheimer's diseasemodeling mice. 22 It is unknown whether this flavanol may also affect mood regulation. Indeed, both green tea and grape seed flavanols act as antidepressants in mice, enhancing performance in the forcedswim and tail suspension tests. [26] [27] [28] Similar observations were made in rats consuming a cocoa polyphenol (88.5% tannins, 11.5% flavanols) mixture. 29 Studies of individual flavanols corroborate these findings; the green tea catechin ( − )epigallocatechin gallate improved mouse performance in multiple assays of anxiety, 9, 10 whereas the flavanol luteolin decreased immobility time in the forced-swim test in mice. 30 In humans, consumption of a flavanol-rich cocoa drink attenuated anxiety precipitated by a demanding cognitive task. 31 These polyphenols may influence mood by modulating the monoaminergic systems, increasing neurotransmitter synthesis 32 and decreasing enzymatic breakdown/removal. 17, 33 Furthermore, as decreased brain-derived neurotrophic factor (BDNF) levels are associated with adult depression, 34, 35 neurotrophin expression may also undergird flavanol-driven mood improvements.
Dietary polyphenols, such as the Chinese herb Xiaobuxin-Tang (XBXT-2) and curcumin, increased adult dentate gyrus (DG) neurogenesis in models of chronic stress, 32, [36] [37] [38] [39] suggesting another mechanism of action by which flavanols may exert mood-modulating effects. Although in female mice ingestion of EC did not influence new DG cell survival, 24 effects on differentiation of adult-born neurons in male mice have not been evaluated. The DG, and in particular adult neurogenesis, is considered important for pattern separation. 40, 41 Indeed, in aging humans flavanol consumption improved DG function and performance on a task requiring discrimination between highly similar visual stimuli. 42 This ability to make fine distinctions may also be relevant to mood regulation, by preventing overgeneralization and thereby reducing anxiety. 43 However, whether EC consumption provokes anxiolytic effects remains to be determined. Altogether, the aim of the present study is to evaluate effects of EC on pattern separation and anxiety, and to determine the underlying cellular mechanisms.
MATERIALS AND METHODS

Subjects and compound administration
Subjects. Male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were housed individually in standard cages at 6 weeks of age with a standard day/night cycle: lights were switched on at 0600 hours and off at 1800 hours. Animals were constrained to 90% of their free-feeding weight throughout the study. At 18 weeks of age, mice received for 5 days a daily intraperitoneal injection of bromodeoxyuridine (BrdU; dissolved in 0.9% saline, filtered sterile at 0.2 μm, 50 mg kg −1 body weight at 10 μg ml − 1 ; Sigma Aldrich, St Louis, MO, USA) to label dividing cells. Following completion of behavioral testing, animals were deeply anesthetized at 28 weeks of age via inhalation of isoflurane and perfused transcardially with 0.9% saline (room temperature). The hippocampi and overlying cortices were dissected out of the left hemispheres and stored at − 80°C for use in immunoblotting. The right hemispheres were stored in 4% paraformaldehyde at 4°C for subsequent immunohistochemical experiments. After 96 h in paraformaldehyde, tissue to be used for immunohistochemistry was equilibrated in 30% sucrose. Sequential coronal sections (40 μm) were taken through the hippocampus and stored in phosphatebuffered glycerol at − 20°C. Animals were maintained in accordance with the National Institutes of Health guidelines. All protocols for procedures were approved by the NIA's Institutional Animal Care and Use Committee.
(− )EC administration. At 10 weeks of age, mice underwent shaping and conditioning to the touchscreen system for 4 weeks. At 14 weeks, mice were assigned to control (CON) or EC-treatment groups (n = 15 per group) that had been counterbalanced based on performance during touchscreen shaping. Animals were administered either standard water or a treatment liquid comprised of EC (Sigma, St Louis, MO, USA) dissolved in water at a concentration of 0.667 mg ml −1
. Fresh solution was made every other day. Using Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA), absorbance of EC solution at 276 nm was measured after 24 and 48 h to confirm negligible variations (0.2% ± 0.3 and 1.4% ± 0.3 absorbance of fresh solution, respectively) due to EC oxidation. Treatment was available ad libitum and based on an average water consumption of 6 ml per day (that is,~4 mg EC daily). Total duration of EC consumption was 14 weeks.
Spatial pattern separation in the touchscreen
Animals were shaped to the touchscreen chamber, which housed a sixwindow grid and a reward trough (Lafayette Instruments, Lafayette, IN, USA), at 10 weeks of age for 4 weeks. Shaping began by habituating the mice to the chamber for 2 days. Pavlovian training, a 1-h session, taught the animals to associate stimulus interaction (that is, nose poking an illuminated grid square) with the sounding of a tone and the dispensation of a liquid reward (strawberry milk, Nesquik, Vevey, Switzerland). The subsequent 3-day 'must touch' phase required stimulus interaction to trigger reward presentation. 'Must initiate' training taught the mice to initiate the next trial via a nose poke to the reward trough. During 'punish incorrect,' the final stage of shaping, an aversion toward interacting with non-stimulus grid squares was instilled through inversion of the house light and imposition of a short time-out period prior to trial resumption.
Shaping was followed by EC administration beginning at 14 weeks of age. The mice then participated in 5 days of task training. To reach criterion in this phase, the subjects were required to select the correct (that is, programmed to trigger liquid reward) choice from two identical but spatially discrete stimuli in seven out of eight consecutive trials. To progress to the next stage, subjects had to attain criterion at least once during three out of four consecutive days of training. During the sequent 16-day interval of probe trials, animals attempted to reach the prenominate criterion when presented with stimuli separated by larger and smaller distances than in task training. All touchscreen protocols were performed as described previously. 44 Anxiety tests 
Adult neurogenesis histology
BrdU immunohistochemistry and cell counts. A one-in-six series of freefloating sections (40 μm) was washed in tris-buffered saline (TBS) and preincubated with 0.6% H 2 O 2 for 30 min to quench endogenous peroxidases. After rinsing, the sections were incubated in 2 N HCl at 37°C for 30 min to denature DNA and then neutralized in 0.1 M borate buffer at room temperature. After thorough washing, the sections were blocked with TBS ++ (3% donkey serum, 0.05 M tris-buffered saline, 0.5% Triton-X 100) for 30 min at room temperature and incubated with rat anti-BrdU (1:200, Accurate Chemical, Westbury, NY, USA) overnight at 4°C. Thereafter, the sections were washed and immersed in biotin-SP-conjugated donkey antirat IgG (1:250, Jackson ImmunoResearch, West Grove, PA, USA) followed by 2 h in ABC reagent (Vectastain Elite; Vector Laboratories, Burlingame, CA, USA). The sections were then incubated with the substrate 3,3-diaminobenzidine (Sigma) for 5 min to visualize the cells that had incorporated BrdU. BrdU-positive cells were counted in a one-in-six series of sections (240 μm apart) through a × 20 objective (Olympus, BX51, Center Valley, PA, USA) throughout six sections per animal starting at the rostrocaudal granule cell layer as described previously. 44 Double-immunofluorescence staining and new cell phenotype analysis. After denaturation, neutralization, washing and blocking steps described above, free-floating sections (1:12 series, 480 μm apart) were co-incubated with primary antibodies, anti-rat BrdU (1:100, Accurate Chemical) and the neuronal marker anti-mouse NeuN (1:100, Millipore, Billerica, MA, USA) for 72 h at 4°C. Therafter, sections were co-incubated with donkey anti-rat Alexa Fluor 488 (1:250, Thermo Fisher, Waltham, MA, USA) and donkey anti-mouse Cy3 (1:250, Jackson ImmunoResearch) for 2 h at room temperature. Thirty BrdU + cells in the DG per animal were randomly selected and imaged for phenotype analysis (Olympus FV1000). The percentage of BrdU + /NeuN + cells was calculated.
Western blotting
Immunoblotting was employed in samples derived from in vivo administration of the compound to determine its effects on relative expression of neurotrophins, their receptors, kinases, transcription factors and neurotransmitters. Cortices and hippocampi derived from the left hemispheres of mice that had ingested the compound for 14 weeks were homogenized and quantified via the Bradford assay (lysis buffer: RIPA lysis buffer (Millipore) with Complete ULTRA tablets (Roche, Basel, Switzerland)). Thirty micrograms of protein from homogenized tissue were denatured via boiling and separated on a polyacrylamide gel. Proteins were then transferred to Immobilon-FL membranes (Millipore), which were treated with rabbit anti-β-tubulin (1:2500, Li-Cor Biosciences, Lincoln, NE, USA), rabbit anti-Akt, rabbit anti-phospho-Akt (1:1000, Cell Signaling Technologies, Danvers, MA, USA), rabbit anti-phospho-ERK 1/2, mouse anti-ERK 1/2, mouse anti-CREB, rabbit anti-phospho-CREB (1:1000, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), rabbit anti-MAO-B (1:3000, Sigma Aldrich), goat anti-MAO-A (1:1000, Santa Cruz Biotechnologies), mouse anti-pro-BDNF (1:7500, GeneCopoeia, Rockville, MD, USA), rabbit anti-BDNF (1:500, Santa Cruz Biotechnologies), rabbit anti-tyrosine hydroxylase (1:200, Abcam, Cambridge, MA, USA), and rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GADPH, 1:1000, Sigma Aldrich). Membranes were then tagged with 800 CW fluorescent goat anti-mouse or anti-rabbit IRDye (1:15 000), read in an OdysseyR infrared imager (Li-Cor Biosciences, Lincoln, NE, USA), and evaluated using Odyssey 2.0 software (Li-Cor Biosciences). Precision Plus Protein Ladder (Bio-Rad, Hercules, CA, USA) was used as a marker.
Statistical analysis
Student's t-test was used for behavioral, immunohistological and immunoblotting experiments with a P-value cutoff of 0.05. All statistical analyses were carried out using Statview (Abacus Corporation, Baltimore, MD, USA).
Flavanol consumption is anxiolytic in mice TP Stringer et al RESULTS (− )EC has no effect on spatial pattern separation Mice were trained in a pattern-separation task in the touchscreen. 44 After 1 month of shaping protocols in the touchscreen, mice (n = 15 per group) were given standard drinking water or water supplemented with EC for the duration of the experiments (Figure 1a) . Animal weights were taken at monthly intervals and did not differ between cohorts at the onset of flavanol treatment (CON: 19.66 ±0.29 g; EC: 19.43 ± 0.26 g) or end (CON: 27.0 ± 0.36 g; EC: 26.71 ± 0.39 g) of the study (P40.34).
Following the shaping period, subjects underwent 6 days of task training in which they discriminated between visually identical, spatially discrete stimuli with an intermediate separation to (Figure 1b) . Overall, these data suggest that there is not a selective effect of EC on the DG-related pattern-separation function.
(− )EC does not affect adult neurogenesis To determine whether ( − )EC administration has a role in hippocampal newborn cell survival, mice were injected with BrdU daily for 5 days at 18 weeks of age. Post mortem, immunohistochemical staining and quantification of BrdU-labeled cells in the Figures 1c, e and f) . No difference in the number of surviving newborn DG cells was observed (t (17) = 0.23, P40.82). In addition, co-expression analysis of BrdU and NeuN (CON, n = 6; EC, n = 6) for neuronal phenotype was performed. There was no difference between the groups in percentage of BrdU/NeuNpositive cells (t (10) = 0.65, P40.53; Figures 1d, g and h) . The absence of a neurogenic effect is consistent with the observed lack of change by (− )EC consumption in spatial pattern separation.
Effects of ( − )EC administration on OF and EPM behavior To determine whether EC exerts anxiolytic effects similar to those reported for green-tea flavanols 9 and cocoa flavonoids, 29 (Figures 2a and b) . The OF data suggest that EC consumption mitigates anxiety.
These results were supported by the outcome of subject evaluation in the EPM trials, an assay to evaluate anxiety-like behavior. 45 The mice were monitored in the EPM over a 5-min period. EC consumption modulates expression of mood-related proteins Treatments of mood disorders generally aim to increase the availability of monoamines (norepinephrine, serotonin and dopamine) in the brain. To determine whether the effects of EC are mediated through monoaminergic mechanisms, we performed immunoblotting experiments with homogenized hippocampal and cortical tissue (CON, n = 5-7; EC, n = 5-7). EC consumption increased tyrosine hydroxylase (TH) levels in both hippocampus (1.51-fold EC/CON; t (12) = 2.63, P o 0.03) and cortex (1.79-fold EC/CON; t (12) = 3.22, P o0.01), (Figures 2d and e) . A decrease in expression of monoamine oxidase-A (MAO-A), which metabolizes serotonin, norepinephrine and dopamine, was observed in cortex (0.69-fold, t (11) = 2.22, P o0.05) of ECconsuming animals compared with the CON groups, but not in hippocampi (0.92-fold EC/CON; t (12) = 1.08, P40.30), whereas MAO-B, which metabolizes dopamine, remained unchanged in both hippocampus (t (11) = 1.31, P40.21) and cortex (t (11) = 0.48, P40.64), (Figures 2d and e) . Together these data suggest that EC ingestion modulates mood by increasing monoaminergic neurotransmitter synthesis and by concurrently inhibiting their enzymatic degradation.
EC elevates hippocampal pro-BDNF and mature BDNF protein levels To determine whether the precursor of BDNF (pro-BDNF) and mature BDNF may instantiate the observed anxiolytic effects, we performed immunoblotting experiments with homogenized hippocampal and cortical tissue (CON, n = 5-7; EC, n = 5-7). Hippocampal tissue from animals treated with EC was found to contain significantly higher levels of pro-BDNF (1.74-fold; t (11) = 2.58, P o 0.03) and mature BDNF (1.34-fold; t (12) = 2.19, Po 0.05) compared with the CON group (Figure 3a) . However, neurotrophin proteins were not changed in cortex (Figure 3b) , suggesting that the modulation of BDNF is specific to the hippocampus. To further investigate the effects of EC upon the BDNF signaling pathway, we evaluated the levels of protein kinase B (Akt), extracellular-signal-regulated kinase 2 (ERK2) and cAMP response element-binding protein (CREB) phosphorylation. EC intake induced significant increase of the levels of pAkt in the hippocampus (1.47-fold; t (12) = 2.20, P o 0.05; Figure 3c ) and in the cortex (2.33 fold; t (11) = 2.79, P o 0.02; Figure 3d ). Neither pERK2 [hippocampus (t (12) = 0.58, P40.57); cortex (t (11) = 0.14, P40.89)] nor pCREB [hippocampus (t (12) = 0.37, P40.72); cortex (t (12) = 1.32, P40.21)] were modified by the intake of EC (Figures 3e and f) .
DISCUSSION
In this study, we show that EC consumption alleviated anxiety in the OF and EPM. These behavioral changes may be attributed to alterations in relevant signaling pathways. Specifically, EC intake concurrently increased hippocampal and cortical TH levels and diminished production of cortical MAO-A, but not MAO-B. Increased monoamine levels may lead to the observed elevation in pro-BDNF and BDNF protein levels in the hippocampi of ECsupplemented animals. In addition, increased levels of pAKT, but not pCREB or pERK, were found in both hippocampus and cortex. Adult hippocampal neurogenesis and spatial pattern separation remained unchanged, suggesting a non-neurogenic mechanism of action of this flavanol. Altogether, our data provide support for EC as an anxiolytic compound that concurrently affects multiple complementary cell signaling pathways.
Pattern separation, which is the distinct encoding of very similar events or stimuli, 46 is deemed closely linked to adult neurogenesis 44 and BDNF protein levels, 47 and considered relevant to both memory and mood regulation. 43 Our results indicate that EC had no effect on adult neurogenesis, consistent with an absence of improvement in the touchscreen patternseparation tasks. The lack of a neurogenic effect is consistent with our previous study 24 and recent research by others. 48 Other dietary polyphenols, such as the Chinese herb Xiaobuxin-Tang (XBXT-2) and curcumin, have been demonstrated to boost cell proliferation. 32, [36] [37] [38] [39] However, these studies used rodent models of chronic stress 32, 36, 38 with likely a lower baseline rate of neurogenesis. It may be that flavonoids enhance neurogenesis in models of stress and pathology via their antioxidant and antiinflammatory properties, mitigating oxidative damage to promote cell survival and differentiation. 49 However, in young healthy animals no change in neurogenesis was evident after 3 months of compound consumption, suggesting that other components of polyphenol-enriched diets may mediate potential neurogenic effects.
The anxiolytic and antidepressant effects of dietary polyphenols have been reported in a growing number of studies, both in humans 50 and in animal models. 29, 36, 51 The EPM has been used to show a decrease in anxiety-induced behavior in polyphenol-fed animals; for instance, OF1 mice supplemented with green tea leaves improved their performance in the EPM test. 9 Our results from the OF and EPM led us to posit that EC affected dopaminergic or serotonergic systems, common targets of anxiolytic drugs. 52 Immunoblotting data showed that TH, an enzyme critical to monoamine synthesis, was produced in far greater amounts in the cortices and hippocampi of ECsupplemented mice than in CON. This finding is consistent with previous studies, showing polyphenol-induced TH overexpression both in vitro, for instance by rosmarinic acid of Rosmarinus officinalis, 53 and in vivo in C57 mice by teaflavin of black tea. 54 Further, MAO-A, an enzyme that deaminates and catalyzes
Flavanol consumption is anxiolytic in mice TP Stringer et al synaptic serotonin and dopamine, 55 was found to be expressed in significantly lower levels in the cortices of EC-treated mice. Indeed, berry anthocyanins 56 and Uncaria rhynchophylla, 57 extracts rich in flavanols, inhibit MAOs in vitro. These results suggest that EC consumption leads to increased production of dopamine coupled with greater availability of synaptic dopamine and serotonin and so may help alleviate anxiety. Our data are consistent with in vitro assays, demonstrating that flavanols can enhance serotonergic function. 27, 33 ( − )Epigallocatechin gallate, curcumin and transresveratrol have been found to inhibit the activity of MAOs, thereby boosting performance in assays of rat depression. 26, 50, 58 It should be noted that ( − )EC increases hippocampal angiogenesis, 24 possibly by regulation of nitric oxide synthase. 59, 60 Interestingly, nitric oxide has been linked to anxiety and serotonin receptor signaling 61 and may be another mechanism, in addition to the concurrent MAO-A inhibition and TH upregulation observed in this study, which mediates anxiolytic effects of ( − )EC in vivo.
Elevated monoamine levels may result in increased neurotrophin levels. 62 The neurotrophin hypothesis of depression postulates that antidepressant and anxiolytic therapeutic drugs might exert their effects through BDNF upregulation in the hippocampus (for a review, see Martinovich et al. 63 ). Hippocampal BDNF messenger RNA levels increase by administration of chemical antidepressants, 64 and BDNF administration in rodents reverses depression-related behaviors in rodents. 65, 66 The reason for EC's enhancement of hippocampal rather than cortical neurotrophin levels remains unclear at present. In aged rats, administration of a diet containing a mixture of EC and (+)catechin similarly provoked a predominant increase in BDNF messenger RNA levels the hippocampus. 13 In addition, a flavanol-containing diet elevated hippocampal BDNF levels in rats that were not behaviorally tested. 67 Interestingly, our data show that levels of pro-BDNF also increased notably in mouse hippocampus after EC administration. The role of pro-BDNF overall, 68 and in depression in particular, has not been well understood, 69 however, our data suggest that EC may result in processing of the precursor to increase mature BDNF levels by an as yet undefined mechanism.
The combined increment in pro-BDNF and BDNF by EC in the hippocampus may reduce anxiety. It would be of interest to test EC in the context of the Val66Met polymorphism, a singlenucleotide mutation that hampers the secretion and trafficking of BDNF. 70 Men homozygous for the met allele are more susceptible to adult depression and suffer from more acute symptoms than non-carriers; the mutation is associated with a higher risk of childhood and geriatric depression generally. 35, [71] [72] [73] In both mice and humans, this polymorphism causes decrements in episodic memory 70 and extinction learning, 74 whereas mouse models prove refractory to rescue of plasticity by antidepressants. 75 The effects wrought by the Val66Met mutation seem to lie at antipodes to those of chronic EC administration. Although these studies do not necessarily suggest that increased expression of BDNF would obtund anxiety or improve memory, it is not unreasonable to hypothesize that hippocampal BDNF may be the point of articulation that links EC consumption to cognition and mood. Indeed, improvement of memory function associated with phytochemical consumption 13, 24, 76 may be mediated in part by reduced anxiety resulting from BDNF modulation.
BDNF can trigger phosphatidylinositide-3 kinase-dependent signaling, 77 relevant to antidepressant effects. 78 A major component of this signaling pathway is protein kinase B (also known as Akt, a factor considered important for synaptic plasticity 68 ), which targets and inhibits glycogen synthase kinase 3 (GSK3). In mouse models, Akt-induced inhibition of GSK3 decreased anxiety and reduced tendency to develop depression. 79 Our immunoblotting results showed increased activated Akt in both hippocampi and cortices in EC-supplemented mice. These data, together with an increase of BDNF and pro-BDNF and the lack of change in other BDNF-dependent pathways components such as ERK and CREB, support the hypothesis that EC exerts anxiolytic effects via BDNF activation of the Akt pathway in the hippocampus. Indeed, a closer study of the components and the targets of the PIK3-Akt signaling pathway would be of interest to determine whether different isoforms 80 may be upregulated in hippocampus and cortex. For example, Akt1 is involved in bipolar disorder 81 and growth. 82 Akt3 is crucial for brain development, 83 whereas Akt2 has been identified as the main isoform for anxiety and depression behavior in mice. 84 It would be interesting to study whether there is divergent regulation of Akt isoforms by EC consumption in different brain areas. Indeed, the mechanism underlying Akt induction in cortex is unclear. It is possible that a specific flavanol receptor, such as has been described in arterial endothelial cells 85 might be expressed in the brain 8 and activate the Akt signaling pathway, having a role in anxiety regulation.
Overall, our findings indicate that chronic ( − )EC administration evokes mood-related benefits through the modulation of monoaminergic and neurotrophic systems. It is our hope that this work will serve as a rachis for future attempts to uncover the workings of this flavanol, as well as open options for a more natural way to improve human mood disorders.
